
♦ 

# * — f 



Model showing w&v in 
which the carbon atoms are 
a ranged In dinmond. 
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JUe Importance 
of Structure 




Mode- showing the way in 
which ihe carbon atoms nrs 
arranged in graphii-e. 


Look at the structures on these two pages. One is of diamond 
and the other of graphite. Both act distances are composed of 
carbon atoms but, as you can see, the atoms in the two 
substances are arranged in very different ways. Tn diamond 
the atoms link together to form an interconnecting three- 
dimensional network. In graphite, the atoms form sheets 
of six-membered rings. Diamond is hard and glassy; graphite 
h soft and black. Since the atoms in both are the same, 
these differences between the properties of the two sub- 
stances must stem from the different arrangement of the 
atoms. It is because structure helps to account for the pro- 
perties of substances that it has become so Important to the 
study of chemistry. 

A hundred years ago, people could only make guesses as to 
how the atoms were arranged in substances. The regular 
shapes of crystals often provided diem with useful clues, but 
they had no systematic way of finding out. 

Then, in 1 9 1 2 S the German scientist von Laue reported 
[ hat a beam of X-ray s* on passing through a crystal* would 
form a pattern of spots on a photographic plate. In the same 
year W r L. (now Sir Lawrence) Bragg and his father Sir 
William Bragg showed how these patterns of spots (diffrac- 
tion patterns as they arc now caUed) could be used to deter- 
mine the positions of the atoms in a crystal (see the Back- 
ground Book., The Sian of X-ray Analysis). The chief thing 
to understand about X-ray analysis is that it is possible to 
draw conclusions from a pattern of spots* which can be seen* 
aboui an arrangement of atoms* which cannot be seen. 
Using X-rays* the structures of thousands of substances 
have been investigated. In this book wc look at a few of the 
more common structures of substances to be found in 
nature and in man-made products. 



Graphite -a soft, black 
substanca. 
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\n a liquid, rb& atoms (or 
molecules) ere tightly paokod 
but free to move. 


In a solid, ihe atoms (or 
molecules) are tightly packed 
together and held in fixed 
position s.. 


The mo&i obvious features of the way that the atoms are 
arranged in a substance depend on whether it is in the solid, 
liquid, or gaseous state. 

The atoms in a solid must be held in fixed positions, for 
otherwise solids would not retain their shapes; they would 
crumble into a heap of molecules or atoms, which is what 
happens when a solid melts. Moreover, the atoms in a solid 
must be packed very tightly together. This is evident from, 
the fact that solids are very difficult to compress. Even at 
pressures of thousands of tons per square inch, the change in 
volume is very small indeed. Increase in pressure cannot 
bring E.hc atoms any closer together except by compressing 
ot distorting the atoms themselves, \ 

In most liquids (water is one of the exceptions), the atoms 
are less tightly packed than in a solid. This is evident if the 
substance is melted - there is usually an increase in volume 
on the change from solid to liquid, as you can check by 
looking up some substances in your Book of Data, Neverthe- 
less, since liquids are also difficult to compress, the atoms 
must still be very dose together. The main difference 
between solids and liquids is that liquids have no shape. 
They take the shape of their container and arc free to move 
about and can be poured. Obviously the atoms in a liquid 
are not fixed in any definite position. They are able to move 
about, rolling over each other like grains of fine sand. 

Gases nor only take the shape of the vessel which contains 
them but also spread out to occupy the whole vessel; this is 
easily seen by using a coloured gas such as chlorine or 
bromine. Our picture of a gas is one in w hich the particles 
are free to move about and there are quite large spaces 
between them. If this is correct, then increasing the pressure 
should bring the particles as close together as they are in a 
liquid. The gas wiU then change to a liquid. Many substances 
that are gaseous at room temperature (such as ammonia and 
sulphur dioxide} can be liquefied by increasing the pressure, 
but others (such as oxygen and nitrogen) must be cooled as 
well as compressed. Cooling is necessary in order to slow 
down the rapid movement of the gas particles which tends 
to oppose the changing of the gas into liquid. 

In this book we are concerned with the way in which 
atoms are arranged in solids and we look at them as crystals* 
as metals, as non-metallic elements, as ionic and other 
compounds, and as giant molecules. 



Gases fin iha container Lhar 
holds M Lem and. tip tc a 
certain point, are relatively easy- 
lo cq repress. I his balloon ss 
tilled with hydrogan which is 
lighSHT rhfin sir zr\6 keeps it 
afloat. 






Liquids m he the shape of tho 
container th st no Ids [hen 
Like solids they ore difficult to 
got press; 

In hydfsolic hrakes force is 
transmitted; fmim tha pedsi 
to ihe brake drums by the Lou id. 
Liquids areas sue no a:-, metal 
rods might be and can ca^ry 
forces round bands and corners 
m ways that solids pan not. 
Lockheed Hydr^uiio Stake 
Company L rtf 
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CRySTAls: 

The PAckii\q 

of pARTiclES 


Long before the discovery of X-ray s, it was realized that the 
atoms in crystals were probably arranged in an orderly 
pattern. How dse could the regularity of crystal sliapes be 
explained ? If crystals are observed growing under a micro- 
scope, this orderliness is even more striking. And if a crystal 
is broken it cleaves cleanly into Jumps which resemble in 
shape the original crystal, Rock salt cleaves to form cubic- 
shaped crystals. Quartz cleaves to form hexagonal-shaped 
crystals. 

Depending on the substance, crystals are built up of atoms. 


Hits synthetic quartz crystal 
was grown in a Moratory 
cicssui'Q vess- 1 in a few weeks. 
It nigri* have taken es m^iiy 
years for it tn grow naturally 
kaditi tflt&rft-atianat Corporation 
Lid. 



ions, or molecules. We can get some idea of the different 
ways in which these particles may be packed in a crystal by 
building up structures with polystyrene spheres or ping-pong 
balls. The accompanying illustrations show four basic 
structures which* as we shall sec in the nest few pages, 
represent the packing of the panicles in a number of well- 
known substances. 

In ihe first tw r o - face-centered cubic packing and 
hexagonal dose packing - each particle is surrounded by 
twelve others. This is described as 12-coordinadon* and 
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t Hexagonal packing - 
built jp of I Byers of ftax&gans. 
Again each sphere inside the 
structure is surrourdec by 
twelve other spheres in comaft' 
with it 


represents the closest possible packing of the particles. In the 
third structure body-centred cubic packing, each particle is 
surrounded by eight others (8-coordination), and in the 
fourth* the tetrahedral structure* each particle is surrounded 
by four others (4- coordination). The packing of the particles 
in these last two structures is much more open* and therefore 
a given number of particles occupies a greater volume than 
m the other two structures. It follows that the packing of the 
particles in a substance affects its density: the closer the 
packing, the greater the density. 



c. E od y- Lf! n tred cu bi c packi ng - 
built up of cubes with a sphere 
at £he centre and a sphere at 
each corner. Each sphere inside 
the structure is surrounded by 
only eight other spheres in 
contact with it, gnd conse' 
quently this ?s a mors open type 
of packing. 


a T etrahedrg I pecki ng - bu i it 
up in such a way that oai l- 
sphere forms the centra of a 
regular tetrahedron, whilst the 
four spheres surrounding u 
have i heir centres at the four 
corners of the tetrahedron. ? h is 
again is a more open kind of 
pacfcrng. 


MetaIs 


Crystal grams in Stoal an alloy 
of iron and carbon, In mslals. 

The crystals are irregularly 
shaped, but the packing pf tb.e 
atoms in the Calais always 
■follows ft regular pattern. BiSRA 



Over three-quarters of the chemical elements are metallic. 
At first, it is not obvious that metals are composed of 
crystals: they are not granular materials like salt or sugar. 
However, if a metal is examined under a microscope, it is 
seen to be made of small irregularly shaped crystalline 
grains. X-ray analysis shows that the packing of the metal 
atoms in these grains may be any of the forms described on 
the previous page. It depends on the metal. Copper has a 
face-centred cubic structure; chromium has a body-centred 
cubic structure; zinc and magnesium have a hexagonal 
structure , a few metals such as tin and germanium have a 
tetrahedral structure. 

Some metals may have one of these structures at room 
temperature and change to another at a higher temperature. 
Iron, for example, normally has a body-centred structure 
but, at temperatures above 910 : C, changes to a face-centred 
structure and then, above 1400 C C, reverts back to the body- 
centred structure. Why a metal lias one structure rather than 
another Is not properly understood. 

Two of the most useful properties of metals arc that they 
are ductile (they can be pulled out into wires) and malleable 
(they can be rolled into sheets or hammered into shape). The 
way in which the particles of most metals are built up into 
layers helps to explain these two properties. When a force is 
applied to a metal it causes the layers to ‘slide’ over each 
other. The particles break the bonds that hold them together, 
slip into a new position, and re-establish their bonds. 

One of the ways of strengthening a metal and so preventing 
the layers from slipping is to ‘alloy’ it with small quantities 
of another element, for example, putting zinc in copper to 
make brass. Particles of the alloying dement are of a different 
size (atomic volume) from the main metal, and therefore 
obtrude in the orderly layers of particles, hindering them 
from sliding over each other. 

Naturally it is not necessary to understand the structure of 
metals to make alloys: bronze, an alloy of copper and tin 
which is much stronger than cither of the two alloying metals, 
has been known for thousands of years. Nevertheless, 
without this knowledge it would be very difficult to produce 
Lhe mauy hundreds of special alloys that are used in industry 
today. 



possible glide planes 

Farce apc-lieci to 3 metal crystal 
causes. the layers of atomi to 
slide- over each other, Tnj& is 
known as 'slip'. 



Atom of an alloying element in 
a metal structure. The presence 
Of this 'foreign' atom hinders 
ttie metal layers from sliding 
oversell other and [hereby 
toughens the metal, 
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NoN-METAllic 

EIements 


In d^mond, the atoms afc 
pa eked t et h ed rally ■■ a r.n: l*j re 
that would result from puckering 
the flat rin^s in gTcph in. TmGie 
are no layers of atoms as there 
are in graphite and n most 
metals, and thercfc-re the atoms 
cannot si de overeacin Li-th-af, 

This is one of Lr:e main reason.:-; 
why diamond is so iwd. 



In graphite, the atoms form flat 
layers of aia-memberad rings. 
The forces between ihe layers 
are weak, ard ilnemfona the 
layers can s : ide very easily ov^r 
each nlhar, This is why graphite 
is soft and. flaky. 



Many of die non-metallic elements arc gases al room tem- 
perature. To convert them into solids, they have to be cooled 
often at very high pressures and down 10 very low tempera- 
tures. With the exception of helium, the inert gases crystal- 
lize in a cubic dose-packed structure. Hydrogen* which 
freezes at about minus 260 C, has a hexagonal close- packed 
structure; ihe parades are not single aioms, as with the inerl 
gases, but molecules, each containing two hydrogen atoms. 

As we saw at the beginning of the book* the non-metal 
carbon has two crystalline forms, diamond and graphite. 
It also has a non-crystalline or Amorphous 5 form, charcoal, 
in which there are areas of disorder in the arrangement of the 
atoms. 

In the diamond crystal the atoms arc packed tetrahedrally. 
Each carbon atom may be thought of as being at the centre 
of a tetrahedron, surrounded by four other carbon atoms with 
their centres at the corners of the tetrahedron (see the model 
on page 5). The particles are not in layers and therefore, 
unlike the particles in most metals, cannot slide over each 
other. This partially accounts for the hardness of diamond. 

The structure of graphite is unique among the elements. 
Carbon atoms form layers of six-membered rings. The$e are 
separated from each other by a distance which is about two- 
and-a-half times as great as the distances between the centred 
of the carbon atoms in the layers. The forces between Lhe 
layers arc very weak* and hence the layers can slide very 
easily over each other. This accounts for the use of graphite 
in pencils and as a lubricant. Also, the space between the 
layers is large enough to hold other atoms or groups of atoms 
and explains v. hy graphite is sometimes used as an absorbent. 

Another element that exists in more than one solid form - 
allotropic forms* as they ate called - is sulphur. At room tem- 
perature the most stable crystal form is rhombic or alpha 
sulphur (see the opposite page). The crystals result from the 
packing together of ring-shaped sulphur molecules, each 
consisting of eight moms linked together. When rhombic 
sulphur (melting point 115°C) is heated, it forms a honey- 
coloured liquid composed of the ring-shaped molecules. On 
coolings the liquid sulphur forms needlelike crystals known 
as monodin ic or beta sulphur. Tins is the stable form of 
solid sulphur at temperatures above % c C, and Lhe way die 
molecules are packed together clearly differs from lhe 
rhombic. 




The packing of sulphur mole- 
cules in a sulphu- crystal - I hr 
buSg&s of or e mofce-cule fit r \:o 
ihe no.iiows of its neighbours. 


A or ys5n I or mo no-c I m ic suJph ur — 
the stable foim of solid sulphur 
3 T tem peratu res above 96 C 


A cn/atal of rhombic sulphur - 
the stable form of solid sulphur 
at lemperatureE betow 96 r 'C. 


The su l ph ur rnolec utfc— a ri rig 
of eight sulphur atoms linked 
together. 




I he affect of suongly heating 
sulphur - m& molecular rings 
open outlo form, chains and ihe 
chajris Imk together or poly- 
merize to form much larger 
chains. If thesuJphur i:^ fha-n 
rapia y cooled, i solidifies 
long chains to form plastic 
sylph ur, 





If, instead of being cooled 3 the temperature of the liquid is 
raised, the molecular rings open out to form chains which 
link together to form very much larger chains - it has been, 
estimated that they may consist of as many ay a million 
sulphur atoms. The liquid becomes red and sticky and* if 
rapidly cooled in w T atet, the sulphur atoms do not have time 
to revert back to rings hut solidify as long chains of atoms 
tangled together. This is known as plastic sulphur : it can be 
stretched, and its structure resembles the long-chain mole- 
cules of plastics referred to at the end of this book. Both 
monoclinic and plastic sulphur slowly change at room 
temperature to the rhombic form. 


Plastic sulphur whreh can ba 
stretched like rubber, 






1" he structure of caesium 
chloride - body- centred cubic 
packing witfi eecfri caesium ^an 
surrounded by eight chloride 
ions (ind each chloride ion 
surrounded by eight 
caesium i tans 


Many of the solid substances we meet in the laboratory are 
compounds formed by the combination of a metal with a non- 
metal, for example, the metal oxides, carbonates, sulphides, 
and chlorides. All of these are crystalline. They have high 
melting points, suggesting that there are strong bonds between 
the particles in the crystal. When molten, they are good con- 
ductors of electricity, suggesting that they are composed of 
charged particles called ions. The metal ions (cations) carry 
a positive charge and the non-metal ions (anions) carry a 
negative charge. It is believed that the attraction between the 
oppositely charged ions binds the particles together strongly 
in the crystal. In other ionic compounds, the ammonium 
ion (NH 4 ~) takes the place of the metal. 

The lirst structures to be determined by X-ray analysis 
were the ionic crystals of potassium chloride and sodium 
chloride* although before the analysis it was thought that 
they were composed not of ions but molecules. Both sub- 
stances were found to have face-centred cubic structures* 
with each metal ion surrounded by six chloride ions and each 
chloride ion surrounded by six metal ions. Cubic packing is 
what would be expected ; the crystal shapes of bot h are cubes. 


Tht structure of sodium 
r; N o nd e - two i nterpen str? [in g 
faec-cftntrcic cubic suu ctures, 
□ne of sodtum ion-s gnd thH 
other of ch^ondc Sons. 
b, Efl-cK ohlcridK- ion is 
suf rounded by si k sodium ions 
flnd Each EOffiurr. ion by six 
chForcde ions. In this model the 
chtondt ions are white and tn& 
sodium Lons b Iuq. 


Tf i&siructum of calcium 
fluoride (CaF*) - the calcium 
ions form a face-O^ntr-ed cubic 
structure, and the fluoride ions 
am disposed Eetreliedrelly with 
respect to the calcium ions. Each 
caSeium ion is surrounded bv 
e-ght fluoride ions (at the 
corners of a cube} while aach 
fluoride son is tetTahedrally 
surrounded by four calcium ions. 

Among the thousands of ionic compounds there h a great 
variety of crystal shapes, and these shapes tend to relied the 
packing of the ions in the crystals. In effect, each crystal 
represents a giant surudure built up from a repeating pattern 
of the ions that it contains, rather like the decorations on 
wall-paper but in three dimensions. 

An important distinction between ionic crystals and 
metallic crystals is that metals, being elements, are built up 
from particles of the same size, whereas ionic substances* 
being compounds, arc built from particles of differ ing size. 
For example, the volume of ihe chloride ion is over ten times 
that of the sodium ion and therefore, to build an accurate 
model of the sodium chloride structure* we would Have to 
use small beads to represent the sodium ions aod ping-pong 
balls to represent the chloride ions (as in rhe diagram). Some- 
times the ion may consist of several atoms (for example, the 
sulphate ion SO* ), and here the difference in volume may 
be even more marked. This permits much greater variety in die 
packing of ionic crystals, such as she squeezing of small ion* 
into the spaces betweenlar ge ions and thei ncurporation of water 
molecules, called 'water of crystallization*, in the ionic lattice. 
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The structure* of most of the solid substances that we have 
described so hr are built up from atoms or ions. But many 
crystalline solids are composed of molecules, and in this 
sense they resemble more closely the majority of liquids or 
gases. Solid hydrogen and rhombic sulphur, both of them 
elements, are solids of this kind. Other elements in which the 
crystals are composed of molecules are phosphorus (P 4 ) and 
iodine (I,). 

Crystalline compounds whose structures are built from 
molecules are commonly found among carbon compounds. 
Unlike ionic crystals, molecular crystals arc soft, have low 
melting points and, when molten, do not conduct electricity. 
Whereas ions are bonded together by strong electrical 
forces, the attraction between molecules is relatively weak. 
Naphthalene (C J0 H fl ) is a familiar organic solid with a crys- 
talline structure. The molecules of naphthalene consist of 
two hexagonal rings of carbon atoms with hydrogen atoms 
attached, as shown in the diagram. The molecules arc flat 
and in the crystal are closely packed although, as in iodine 
and sulphur, they are not parallel to each other: half are 
tilted one way and half the other. 

Obviously the packing of these molecules presents far 
more complications than the packing of individual particles 
such as atoms or single ions. Nevertheless we still find the 
same uniformity in the packing as in other kinds of crystal 

Ice is another familiar substance in which the crystals arc 
composed of molecules. They are packed tetrahcdraUy, and 
the packing is very open w r ith the result that cold water at 
temperatures below 4 L "C is denser than ice. 

Ice crystals arc hexagonal. This is reflected in snowflake 
crystals which all exhibit hexagonal symmetry. 


Packing of naphthalene mo&s- 
cule:> in a naphthalene crystal - 
half the molecules a ra lilted one 
way and hgff the other to give 
tiie most economies* kind of 
packing. 
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Snowflake crys^te-a variety 
of shapes hut all with hexagonal 
symmetry. 
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A naphthalens molecule - car 
sis:irg of ten carbon atoms 3rd 
eight hydrogenfatoTTiE Ths 
carbon him ms are arranged m h 
fla r dou bl e ring wish a h y < i rog c r 
a torn' a 1 1 ach a : : to each path o n 
atom except where the rings join 
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With very large molecules composed of hundreds or even 
thousands of atoms, as in plastics and such natural substances 
as cellulose, two problems suggest themselves : what are the 
different atoms in the molecule and how do they fit together ? 
And how are the atoms arranged three-dimensionally in 
space? The way in which the molecules are packed together 
- structure as we have been considering it so far — may or 
may not be of importance ; it depends on the substance. 

The different atoms of which the giant molecules are 
composed are determined by chemical analysis or X-ray 
14 


analysis or, more often, both. Very many giant molecules are 
composed of chains of smaller molecules linked together in 
a repetitive pattern. To find out the composition of the giant 
molecules, it is only necessary to determine the composition 
of the smaller molecular units and, where there is more than 
one kind, the order in which they are linked together. 
Cellulose, for example, consists of chains of glucose mole- 
cules linked together, as shown in the diagram on this 
page. It is interesting to note that glucose has three molecular 
structures (see diagram), although the aldehyde form is 


Some molecular shapes 


formaldehyde 

HCHO 


ethylene 

CiHi 







rarely found in the solid state. Alpha and beta glucose differ 
in i he extent to which they rotate a beam of polarized 
light. 

Working out the geometrical arrangement of the atoms in 
giant molecules demands detailed X-ray analysis combined 
with much hard thinking. The helical arrangement of 
DNA (deoxyribonucleic acid), the substance in the nucleus 
of living cells, was determined in 1954 by Francis Crick and 
James Watson, aided by the X-rav photography of Maurice 
Wilkins. 


X-r-uy diffraction photograph 
of DNA which in acres roe nt 
With (he idea of its structure as 
-3 double halfx. Bvpt of 
Biophysics, King's College 
London. 


i 1 1 r structure of DNA (deoxy^ 
nboriucleic acid) - that of a 
double fielix 



Chain molecule of polyethylene 
- fanned hy the linking together 
of ethylene molecules (CaH-f. 
/C! P/astics Division.. 


The packing together of gianr molecules is important in 
such substances as plastics. These are also giant molecules 
builnTp from small molecular units (sec the Background Book 
Plastics ). The long-chain molecules arc all tangled together in 
a disorderly way* so LhaL the structure of plastics tends to 
be rather amorphous than crystalline. To convert a plastic 
(for example, nylon) into a strong fibre for making clothes, 
threads of it are stretched to several times their original 
lengrhs to bring the kmg-cham molecules into orderly 
alignment, similar ro the orderly packing of atoms and 
molecules in crystals. The ‘crystalline* filaments formed 
by stretc hing are very much stronger. 


Quistions 

I. What is our picture of the particles in a solid, a liquid* 
and a gas. ? 

2 r What factors other than how close the particles are packed 
affects the density of a substance ? 

What simple evidence is there for the fact that See is less 
dense than water? What does it signify about the molecules 
in the water and does it apply to water at all temperatures ? 

4. Find out tire packing structure of the panicles in the 
following substances : 

potassium chloride, chromium, zinc, caesium chloride* ice, 
diamond. 

See if you can get hold of polystyrene spheres to make some 
of these structures 

5 . Give examples of some of tire ways in which their struc- 
ture influences the properties of substances. 

■ 




giant molecules 


large numbers 
In disorder 




ions 






fly * :« 








- • : « * v"r- 


j 

. 


1 * ’ 
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rubber, plastics, fibre-5 
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